Abstract. Gastrin is one of the oldest and most actively studied of the gastrointestinal peptides. Adult expression of the mature peptide is restricted to the stomach and duodenum. However, it is antral gastrin that is subject to feedback regulation from the counter-regulatory peptide somatostatin as a function of gastric pH. Yet little is known about the molecular steps required to modulate the synthesis of this peptide. Using cell culture models, a GC-rich regulatory element called gERE has been identi fied that binds two families of zinc finger transcription factors -Sp and ZBP. Competitive binding of these two transcription factor families in association with changes in their phosphorylation state appears to mediate the positive and negative activation of this gene in response to EGF receptor ligands. These findings contribute to our understanding of gastrin gene expression in the presence of the activated ras oncogene, e.g., during colonic transformation. (Keio J Med 49 (3): 106-110, September 2000)
Gastrin is a peptide hormone secreted from neuro endocrine cells located in the stomach antrum. The gastrin-expressing and secreting cells (also known as G cells) are normally regulated by changes in gastric pH. In addition, inflammation in the stomach from Heli cobacter pylori infection raises serum gastrin levels. 1 The increase in the G cell population is accompanied by a decrease in somatostatin-expressing D cells which secrete the counter-regulatory peptide somatostatin. Somatostatin exerts an inhibitory effect on the antral G cell by inhibiting gastrin gene expression and release. 2, 3 Gastrin is expressed in the fetal pancreas and colon, but not in the adult pancreas.4.5 Moreover, expression in the adult colon is nearly undetectable. Since gastrin expression in non-gastric tissues is not subject to the normal feedback regulatory mechanisms, gastrin's role during fetal development is presumably as a growth factor. The expression of gastrin in neuroendocrine pancreatic tumors and colon cancers recapitulates the fetal expression pattern of gastrin. Thus, gastrin may function as an autocrine growth factor for these tumors.
Studies in my laboratory have focused on under standing the extracellular regulatory signals that modu late expression of the gastrin gene, an event that occurs exclusively in the antral G cells. In general, under standing the transcriptional control of gastrin will shed light on understanding how gastrin is regulated during development, with variations in pH and during patho logic states, e.g., inflammation and neoplastic trans formation. Human gastrin reporter constructs were transfected into neuroendocrine and human gastric cell lines to map regulatory elements.2.6,7 Treatment of the transient and stable transformants with epidermal growth factor (EGF) mapped an inducible element to -68 by upstream from the cap site . This element was designated as the gastrin EGF responsive element (gERE). Mutation of the gERE within the context of 240 by of the human promoter abolishes EGF induc tion. 7 We found that EGF receptor ligands such as EGF, heparin binding EGF (HB-EGF) and trans forming growth factor alpha (TGFa) were potent acti vators of the gastrin promoter while amphiregulin was a significantly weaker activator than the other ligands (Fig. 1) . In addition, both HB-EGF and amphiregulin bind the glycosaminoglycan heparin which forms pro teoglycans, a major component of the extracellular matrix.8 Since HB-EGF had the most potent effect on the gastrin promoter, we assessed whether the addition of heparin further enhanced activation by HB-EGF. We found that there was only a slight additive en hancement above the 6-fold induction observed with HB-EGF alone (Fig. 2 ). This is relevant to the stomach where EGF receptor ligands, especially HB-EGF and TGFa, have been shown to colocalize to the human and dog G cells with the EGF receptor7,9 suggesting that EGF receptor ligands are valid endogenous regulators of the gastrin gene. Electrophoretic mobility shift assays were used to identify the complexes binding to the EGF responsive element. The initial identification revealed Sp1 and Sp3 as the most abundant transcrip tion factors binding to the element.10.11 Another factor identified by expression cloning revealed binding by ZBP-89, a member of a novel zinc finger transcription factor family.12 Thus, two families of zinc finger tran scription factors -Sp and the ZBP families-bind gERE as well as other GC-rich promoters and together positively or negatively regulate target genes depending upon signals and cellular context.
Sp Transcription Factor Family
The Sp transcription factor family consists of four family members that include Sp1 , Sp2, Sp3 and Sp4. 13 All members have three Kriippel-type zinc finger motifs at the C-terminus and a glutamine-rich N-terminus . We have found that the major family members binding the GC-rich EGF response element (gERE) are Sp1 and Sp3 with Sp1 primarily mediating transactivation .11 The gERE consists of 5' and 3' half-sites with the 5' half-site mediating transcriptional activation.10 Muta tion of the gERE eliminates binding of Sp1 and Sp3. If Sp1 alone is expressed in an Sp1-deficient Drosophila cell line (SL2), the gastrin promoter is activated.)) However, if the Sp3 protein is expressed there is mini mal activation, confirming that Spl is the major tran scriptional activator. In addition, the results suggest that Sp3 may behave as a transcriptional repressor in this context, a function that is not unusual for this Sp family member.14-16 Collectively, these findings raised the novel possibility that Sp1 may be activated by the EGF receptor signaling pathway. Gastrin gene expression in the colon has recently been correlated with the presence of an activated ras mutation.17 This finding reveals an important concept that the consequence of constitutively activated ras is overproduction of the growth factor gastrin in the colon. This revelation has been included as a modifica tion to the classic paradigm of molecular steps leading to colonic transformation (Fig. 3) . Since EGF receptor activation stimulates ras, the role of the ras-Map kinase pathway in the regulation of gastrin was examined. We found that both ras and erk2 expression vectors dra matically stimulate gastrin promoter activity.11 The effect was specific since the, dominant negative ras or kinase-deficient Erk2 was not induced. Moreover, the MEK1 inhibitor, PD98059 blocked EGF-mediated induction by about 50%. We also found that phosphor ylation of Sp1 stimulates its binding and affinity for the GC-rich element. In addition, EGF stimulates an in crease in Sp1 abundance within several hours. However after 12h, there is a decrease in Sp1 abundance pre sumably due to an increase in Sp1 turnover. 18 Thus, both Sp1 phosphorylation and abundance appear to modulate the response of the promoter to EGF. The increase in Sp1 phosphorylation suggests that an EGF activated kinase cascade mediates Sp1 phosphorylation. Given the role of activated ras and the ability of MAP kinases to directly phosphorylate transcription factors, Erks were obvious candidates for phosphorylation of the growth factor-inducible Sp1 kinase.11 To identify the kinase phosphorylating Spl, solid phase kinase assays were performed. EGF receptor activation stimulated a kinase that phosphorylated Sp1 within 30 min. Fractio nation of the whole cell extract by ion-exchange chro matography revealed that the Spl kinase activity was distinct from Erk2 kinase activity. Thus, to our knowl edge, the Spl kinase activated by EGF is novel and pre sumably resides downstream of Erk2 (Fig. 4) .19 Collec tively, the results are consistent with the observation that, colon cancers with ras mutations express gastrin (Fig. 3) . 17 Once there is an increase in the abundance of gastrin peptide, the evidence indicates that gastrin is an autocrine growth factor for colon cancers .5,20-22 Currently gastrin specific antibodies are the focus of phase 1 trials for colon cancer treatment.23,24
ZBP Transcription Factor Family
To identify additional factors binding to the GC-rich gERE, Southwestern expression cloning was per formed. Three of the five clones isolated encoded the same protein that consisted of a novel amino-terminal zinc finger transcription factor called ZBP-89 for zinc finger binding protein of 89 kDa.12 Co-expression of ZBP-89 with the gastrin promoter prevented EGF induction and slightly reduced basal gastrin pro 
